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The ATP synthase in chromatophores of Rhodobacter caspulatus can effectively generate a transmembrane pH difference coupled to the
hydrolysis of ATP. The rate of hydrolysis was rather insensitive to the depletion of ADP in the assay medium by an ATP regenerating system
(phospho-enol-pyruvate (PEP) and pyruvate kinase (PK)). The steady state values of ΔpH were however drastically reduced as a consequence of
ADP depletion. The clamped concentrations of ADP obtained using different PK activities in the assay medium could be calculated and an
apparent Kd≈0.5 μM was estimated. The extent of proton uptake was also strongly dependent on the addition of phosphate to the assay medium.
The Kd for this effect was about 70 μM. Analogous experiments were performed in membrane fragment from Escherichia coli. In this case,
however, the hydrolysis rate was strongly inhibited by Pi, added up to 3 mM. Inhibition by Pi was nearly completely suppressed following
depletion of ADP. The Kd's for the ADP and Pi were in the micromolar range and submillimolar range, respectively, and were mutually dependent
from the concentration of the other ligand. Contrary to hydrolysis, the pumping of protons was rather insensitive to changes in the concentrations
of the two ligands. At intermediate concentrations, proton pumping was actually stimulated, while the hydrolysis was inhibited. It is concluded
that, in these two bacterial organisms, ADP and phosphate induce a functional state of the ATP synthase competent for a tightly coupled proton
pumping, while the depletion of either one of these two ligands favors an inefficient (slipping) functional state. The switch between these states
can probably be related to a structural change in the C-terminal α-helical hairpin of the ε-subunit, from an extended conformation, in which ATP
hydrolysis is tightly coupled to proton pumping, to a retracted one, in which ATP hydrolysis and proton pumping are loosely coupled.
© 2006 Elsevier B.V. All rights reserved.Keywords: ATP synthase; Proton pumping efficiency; Epsilon subunit; ADP binding; Pi binding; Proton slipping1. Introduction: considerations on the efficiency in proton
pumping in relation to the rotatory mechanism of catalysis
ATP synthases are ubiquitously distributed membrane
enzymes capable of coupling reversibly the hydrolysis or
synthesis of ATP, respectively, with an endoergonic or
esoergonic flux of proton across the membrane [1–3]. The
rotatory mechanism of the ATP synthases has been established
experimentally and it is now generally accepted [4]. In this
mechanism, for the synthesis of ATP, a proton powered
transmembrane motor generates the rotation of the central part
of the enzyme structure, thereby promoting a sequential change
in the structure of three extrinsic catalytic sites, thus yielding the
condensation of ADP and Pi and the release of ATP to the
external medium. Alternatively, in the ATP hydrolysis direction,⁎ Corresponding author. Tel.: +39 051 2091293; fax: +39 051 242576.
E-mail address: melandri@alma.unibo.it (B.A. Melandri).
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doi:10.1016/j.bbabio.2006.04.018an extrinsic motor, powered by ATP hydrolysis, promotes the
rotation of the central stalk in a direction opposite to that of the
synthetic reaction, and this rotation is transmitted to the
transmembrane portion of the enzyme, now operating as an
active proton pumps. Core of the coupling mechanism is
therefore the central rotor, along which the torque generated by
either motor is transmitted, thus accomplishing the transduction
of proton transmembrane energy into the chemical energy of
ATP and vice versa.
The general structure of ATP synthases is well conserved in
evolution. In their simplest prokaryotic version ATP synthases
are coded by nine, e.g., in E. coli [5] (sometimes ten, e.g.,
Rhodobacter capsulatus [6,7]) genes, contained in one or two
operons. These genes code for the eight (sometimes nine)
subunits forming the entire structure, with the notable exception
of one gene (atpI), whose product is not contained in the
purified enzyme and appears to exert a regulatory role during
biogenesis [8]. The extrinsic part of the enzyme (F1) is formed
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intrinsic portion (FO) is formed by three proteins with a
stoichiometry of ab2cn. When an additional gene is present in
the operon the b2 homodimer is substituted by a bb′ heterodimer
[9]. Relevant to the present discussion is the composition of the
rotor part of the enzyme versus the stator portion. The rotor is
formed by the γ and ε subunits of F1 and by a ring of
transmembrane α-helix hairpins (one for each c subunit of FO),
whose exact number (cn) is still uncertain and might be species-
specific. Crystallographic, mutagenetic and AFM data in
different systems have in fact indicated a different number of
the c subunit forming the ring (10 subunits in S. cerevisiae [10]
and, possibly in E. coli [11]; 11 copies in I. tartaricus [12]; 14 in
chloroplasts [13]). The remaining subunits (α3β3δ of F1 and ab2
of FO) form the stator. The intimate mechanisms of transduction
of the rotation energy occur at the contact surfaces between the
stator and the rotor, i.e., at the a/c interface for the proton
energized motor in FO, and the αβ/γε interface in the ATP
powered motor in F1.
Since it is most likely that protons are translocated across the
membrane at a ratio of one for each c subunit, the H+/ATP
stoichiometry is expected to depend from the ratio of the c
subunit copies in FO and the three catalytic sites in F1, i.e., to be
a number between 3 and 4 according to the number of c
subunits. This is going to hold only if the structures of the rotor
and stator operate as a single body in any operational condition
of the enzyme, although formed by several subunits, so that a
complete rotation of the rotor constantly produces three
molecules of ATP. Should however the inner structure of the
rotor be modified, so that, e.g., the c-subunit ring could
occasionally be detached by the γε-stalk (an internal rotor slip),
the H+/ATP ratio would as a consequence be modified. Similar
effects would be caused by occasional detachments within the
stator, e.g., between the αβ-subunit pair and the δ-subunit in F1
or between the a and b2 in FO (an internal stator slip).
Alternatively, modulation of the H+/ATP ratio could ensue from
the slackening of the interaction at the contact surfaces between
the rotor and the stator, both within F1 or FO, that could render
the transmission of the torque less effective (a rotor/stator slip).
In all cases, the result would be a modulation of the proton
pumping efficiency of the enzyme in the hydrolysis direction, or
of the efficiency of phosphorylation in the synthesis direction.
We have recently obtained evidence that the proton pumping
efficiency of the ATP synthases in bacterial membrane
fragments can indeed vary according to the presence or
omission of physiological ligands of the enzyme [14,15].
These results support the hypothesis that some slipping
mechanism could be a common characteristic of many, if not
all, prokaryotic ATP synthases.
2. The case of Rhodobacter capsulatus
The ATP hydrolysis reaction and proton translocation were
studied comparatively in chromatophores of Rb. capsulatus
[14], fragments of the cytoplasmic membrane and its invagi-
nation, that contain the whole photosynthetic apparatus and the
respiratory chain of this facultative photoheterotrophic organ-ism. The ATP synthase in this mixed function membrane
performs an equivalent role in photosynthetic or respiratory
ATP synthesis.
The rate of the hydrolysis reaction was evaluated either by
measuring the release of scalar protons with the use the pH
indicator Phenol Red, or by coupling the reaction to the
pyruvate kinase (PK)/ lactate dehydrogenase (LDH) ATP-
regenerating reactions. The addition of phospho-enol-pyruvate
(PEP) and PK obviously affects the concentration of ADP
(either product of the reaction or ATP contaminant) in the assay
medium: therefore, the two experimental conditions are not
equivalent. We took advantage of the PK effect for effectively
clamping the concentration of ADP in the assay, by addition of
varying amounts of PK. The effective [ADP] at steady state
could be approximately evaluated on the basis of the rate of
hydrolysis and of the amount of PK added in the assay, provided
that a true steady state is attained, a condition that can be
ascertained by the constancy of the measured reaction rate. The
results indicated that, under the chosen experimental conditions,
ADP depletion does not markedly affects the reaction rate of
ATP hydrolysis.
Proton pumping was followed by the use of the transmem-
brane ΔpH indicator 9-amino-6-chloro-2-methoxyacridine
(ACMA), a fluorescent probe suitable for following the onset
rate of ΔpH and that can be conveniently calibrated. The
experimental conditions were strictly identical to the
corresponding hydrolysis assays, except for addition of
ACMA and absence of Phenol Red. Valinomycin (0.1 μM),
together with 50 mM KCl, was added in order to prevent the
onset of a transmembrane electric potential difference, thereby
allowing an approximate evaluation of Δμ˜H+ on the basis of the
ACMA response alone. As expected, the addition of Valino-
mycin did not inhibit but rather stimulated the ACMA response,
excluding any uncoupling by the ionophore in a synergistic
action with a possible endogenous H+/K+ antiporter. Addition
of the electron transfer inhibitors antimycin (5 μM) and
myxothiazol (10 μM) prevented any activation of the
photosynthesis by the excitation beam. Unexpectedly, when
the concentration of PK was increased up to 50 units/ml,
clamping in this way [ADP] below 1 μM, the steady state value
ofΔpH was progressively decreased, a behavior not in line with
the rather constant hydrolysis rate under the same conditions.
The kinetic behavior of ΔpH onset was markedly biphasic,
exhibiting an initial increasing rate with decreasing [ADP],
followed by a rather abrupt slowing down of the pumping rate,
very evident at high [PK] additions. It was concluded that in
order to maintain a high and constant efficiency in proton
pumping, the enzyme must be exposed to a minimal
concentration of ADP; calculations of the steady state [ADP]
as a function of [PK] indicated an apparent Kd of about 0.5 μM.
The effects of the second hydrolysis product, inorganic
phosphate, were also examined. To this purpose, Pi was omitted
or added up to 3 mM, or, alternatively, [Pi] was clamped by
coupling ATP hydrolysis to an irreversible Pi consuming
reaction catalyzed by purine nucleoside phosphorylase and the
chromogenic substituted guanyl-nucleoside 2-amino-6-mer-
capto-7-methylpurine riboside (MESG) (EnzCheck Phosphate
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indicated that the presence of Pi is necessary for maintaining a
stable efficient coupled state of the enzyme, analogously to
conclusions drawn for ADP; the apparent Kd for stimulation by
phosphate of the steady state ΔpH was 73 μM. These
conclusions were also supported by testing proton transport
with oxonol VI, a probe responding to transmembrane
differences of electrostatic potential; in this case, the measure-
ments were performed omitting valinomycin and adding
nigericin.
The indications obtained by this set of experiments are the
following:
(1) The ATP synthase in Rb. capsulatus membranes can
occur either as a highly coupled state or as a loosely
coupled state, inefficient in proton translocation (intrin-
sically slipping state).
(2) The effectors inducing the transition from the slipping to
the coupled state are the two hydrolysis products, ADP
and phosphate, acting at sub-micromolar and at ≈70 μM,
respectively.
(3) When these two ligands are below these threshold levels
the enzyme experiences a transition from the coupled to
the slipping state, possibly triggered by the binding of
ATP.
(4) This effect of ADP occurs in a concentration range
markedly lower than that required for the inhibition of
hydrolysis. The active coupled enzyme is therefore bound
to an ADP at a high affinity site that can be depleted only
when an effective ADP depleting system is present in the
assay.
3. The case of Escherichia coli
A similar set of experiments was also performed using
membrane fragments of E. coli cells [15]. Again the
concentration of ADP and phosphate affected the efficiency
of proton pumping by the ATP synthase. The phenomenological
behavior of the E. coli system was different, although leading to
analogous conclusions.
Additions of phosphate in the assay brought about a very
pronounced inhibition of the hydrolysis rate, with an apparent
Kd of approximately 190 μM; when the concentration of ADP
was not controlled by an ATP regenerating system, this
inhibition was very pronounced, from 2.5 nmol s−1 (mg
membrane protein)−1 in the absence of Pi to 0.2 nmol s
−1 (mg
membrane protein)−1 at 6 mM Pi. These results confirm
previous observations made with a purified enzyme reconsti-
tuted in liposomes [16], and indicate that inhibition by ADP and
Pi is a feature of the E. coli ATP synthase both when isolated
and when left in the more complex system of the intact
membranes. This inhibited rate was not however paralleled by a
decrease in the steady state ΔpH (evaluated with ACMA in the
presence of Valinomycin), which was decreased only at higher
Pi concentrations (≥1 mM), when the hydrolysis rate was
extremely inhibited. At intermediate Pi concentrations
(≈200 μM), the steady state ΔpH was actually stimulated,evidencing a transition to a state of improved coupling when the
inhibition of the hydrolysis rate was not too pronounced.
The inhibition of hydrolysis by phosphate was greatly
reduced when ADP was depleted by the PEP/PK system. At
high PK concentrations (58 units/ml), Pi hardly affected
hydrolysis (in these conditions the rates ranged from
5.0 nmol s−1 (mg membrane protein)−1 in the absence of
added Pi to 4.7 nmol s
−1 (mg membrane protein)−1 at
3 mM Pi). Correspondingly, under the same conditions,
ΔpH was initially stimulated by the decrease of [ADP], and
eventually decreased when ADP was lowered at sub-
micromolar concentrations. The apparent Kd for inhibition of
hydrolysis by phosphate was increased when [ADP] was
decreased at high PK concentrations; symmetrically, the
inhibition of the hydrolysis by ADP was markedly enhanced
by the presence of millimolar concentrations of Pi in the assay.
The response of ACMA to ΔpH is markedly nonlinear
although the fluorescence quenching increases monotonically
with ΔpH; therefore these experimental results cannot be
interpreted as quantitative evidence. Qualitatively, however,
these results demonstrate that the very severe inhibition of the
ATP hydrolysis rate by phosphate (requiring the presence a
micromolar ADP) is not paralleled by an equivalent inhibition
of proton pumping, but rather by an improvement of the proton
pumping efficiency. They indicate in addition that when ADP is
controlled by the PEP/PK system, an effect of ADP on proton
efficiency can be demonstrated. These conclusions have been
strongly supported by suitable control experiments: the ATP
hydrolysis rate was decreased by limiting the concentration of
ATP, alternatively it was increased when ATP and NADH were
added simultaneously or in sequence, thereby activating two
proton-pumping systems. In all cases, the fluorescence response
of ACMA reflected accurately the expected changes in the rate
of proton translocation.
The conclusions that can be drawn from this set of
experiments are the following:
(1) The ATP hydrolysis reaction by the ATP synthase of E.
coli is inhibited by phosphate only in synergy with
micromolar concentrations of ADP. Depletion of ADP
from the assay drastically reduced any effect of phosphate
on the hydrolysis rate.
(2) ADP (at micromolar concentrations) and Pi (at a
concentration of several hundred micromolar) induce a
well coupled state in which the enzyme pumps proton
efficiently, even if the hydrolysis rate is markedly
reduced.
(3) The apparent Kd's for effects of phosphate and ADP are
reciprocally affected by the other ligand, indicating a
synergistic effect of the two ligands in the inhibition of the
enzyme and possibly in the transition from a loosely
coupled to a tightly coupled state.
These data document a significantly different behavior of
the E. coli enzyme, as compared to that in the Rb. capsulatus
system. They lead, however, to coincident conclusions: the
occurrence of both a tightly coupled and a slipping state in
Fig. 1. A schematic illustration of the two alternative conformations of the ε-
subunit C-terminal end. The conformation to the left, fully extended, is proposed
to correspond to the tightly coupled state of the ATP synthase, while the one to
the right, contracted, would correspond to the loosely coupled, slipping state.
The transition toward the fully extended form is induced by phosphate and ADP,
and possibly by Δμ˜H+. The structure of the ε contracted form was taken from
1E79.pdb [21]; the fully extended structure was constructed modifying the
position of the hairpin helices.
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ADP and Pi binding sites for inducing and stabilizing the
coupled state; moreover, they point to the synergistic effects
of the two ligands, suggesting the proximity of the two
binding sites.
4. Hypothesis on the nature of the ADP and Pi binding sites
and on a possible mechanism of uncoupling
The experimental data from the E. coli system indicate
conclusively that the high affinity binding sites for ADP and
the Pi site are mutually interacting. Although long-range
interaction due to the strong cooperative effects, inherent in
the alternate binding mechanism of catalysis, cannot be
completely excluded, the simplest interpretation for this
interaction is that both ligands are present in the same site.
In addition, this site coincides most likely with one of the
three catalytic sites, given its high binding affinity for the
two substrates. The possibility that one (or even two) of the
three catalytic sites should be occupied by product ADP
during the hydrolytic cycle of catalysis has been recently
supported by epifluorescence data on single molecules [17].
It is therefore conceivable that the premature deprivation of
ADP caused by the presence of an exogenous ADP trapping
system, could perturb the normal course of catalysis and
trigger a structural change of the enzyme toward a less
efficient proton pumping status.
Crystallographic evidence in bovine F1 [18] indicates that
the binding of phosphate in an ADP containing site requires
profound alteration in the structure of the site itself, that with the
two ligands present (semi closed ADP+Pi βE conformation)
differs markedly from the ADP inhibited structure (βDP [19]) or
from the ADP-AlF4
− bound structures of βDP and βTP [18]). The
presence of phosphate at sufficiently high concentration,
together with ADP can therefore be necessary for a correct
sequence of catalytic steps.
The ε subunit in E. coli is formed by a compact β-barrel
structure and by a C-terminal α-helix hairpin [20]. The latter
can assume at least two alternative conformations: a
“retracted” one in which the hairpin is adherent to the
barrel surface [21] and a “partly extended” structure in
which the hairpin opens and docks to the γ-subunit [22,23].
A third conformation, in which the two helices of the
opened hairpin are inserted inside the αβ-hexamer up to the
very N-terminal end of the γ-subunit coiled coil (“fully
extended”), was suggested by cross-linking studies [25].
Chemical cross linking experiments, in which the retracted
and extended structure were immobilized, have shown that
the two states of the enzyme differ considerably in
functional ability being the former more active in ATP
hydrolysis and the latter in ATP synthesis [24,25], in
agreement with a previous suggestion that the ATPase might
occur either as a “synthase” or as an “hydrolase” [26].
Moreover, FRET experiments in fluorophore-conjugated F1
from PS3 have demonstrated that ATP stabilized the
retracted form, whereas ADP favored the extended form
[27]. The ε subunit (and its conformational changes) istherefore the natural candidate for being involved in a
regulatory mechanism modulating the efficiency of proton
pumping in prokaryotic ATP synthases (Fig. 1). According
to this view, the conformational switch of the ε subunit will
be induced by ligand binding to the catalytic sites and
transmitted through the αβ/γε interaction, and possibly by
the rotational movement promoted by ATP hydrolysis. The
influence of Pi in these conformational changes has been
convincingly demonstrated by Mendel-Hartvig and Capaldi
[28], who observed that the presence of ADP+Mg2++Pi
greatly reduced the rate of tryptic cleavage of the ε subunit;
it is noticeable that the cleavage was taking place on the C-
terminal end of the protein.
The ε subunit is believed to play a central role in the
inhibition of the activity of bacterial F1Fo-ATPases. In
photosynthetic bacteria, ADP and Pi have been shown to
affect the stability of the light-induced active state, ADP
accelerating and Pi slowing the decay rate upon addition of
uncouplers [29]. More recently, Zharova and Vinogradov
have shown that, in membranes from Paracoccus denitrifi-
cans, ADP and Pi affect the stability of the ATPase activity
elicited by the ΔμH+ induced by respiration, ADP
destabilizing and phosphate being essential for the active
state. Addition of PK in high amounts, clamping [ADP]
below 1 μM accelerated the rate of inactivation, suggesting
that ADP must occupy a high affinity site for an active state
of the enzyme [30]. We conclude that ADP and Pi can
influence the conformational state of the ε subunit and that
this behavior appears to be quite general in prokaryotic
membranes.
It is evident that a three helix coil, as resulting from the
association of the γ subunit coiled coil and the ε subunit
extended C-terminal, being bulkier that the structure in the
retracted form, can assure a closer contact with the catalytic
αβ-hexamer. This status could be the condition for assuring
a more efficient transduction of the chemical energy of ATP
hydrolysis into rotational energy of the rotor, resulting
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electrostatic interactions taking place between the DELSEED
region of the β-subunit and the C-terminal helical domain of
ε [31] could also play a role in a higher efficiency of energy
transduction. The regulatory mechanism of the proton
pumping efficiency would occur in this case at the αβ/γε
contact surface (rotor/stator slipping).
It can be considered whether the results described above,
obtained in isolated membrane fragments, have some bearing
on the actual conditions inside the cell. As far as the effects of Pi
are concerned, the values of measured Kd appear to be in a range
of physiological significance. Interestingly, a high conductivity
state of the chloroplast membrane has been found in intact
leaves to be modulated possibly by Pi, and suggested by the
authors to be a way of regulating the extent of Δμ˜H+ [32]. In
contrast, the very low Kd values measured for ADP appear to be
hardly compatible with the expected concentrations of ADP in
vivo, although the apparent KM for ADP in photophosphory-
lation is as low as 10–20 μM.
The role played byΔμ˜H+ is still unknown. The expectation is
that it should facilitate the transition in favor of an improved
coupled state, and indeed the extended state of ε has been found
to be favored by membrane energization [24] (for a discussion
of this topics see [33]). Our observations that the stability of the
coupled state requires additionally the presence of minimal
concentrations of ADP and Pi, suggest that the transition to the
coupled state could be a step toward productive ATP synthesis.
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